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Summary
Background: The visual system is now known to be
composed of image-forming and non-image-forming
pathways. Photoreception for the image-forming path-
way begins at the rods and cones, whereas that for the
non-image-forming pathway also involves intrinsically
photosensitive retinal ganglion cells (ipRGCs), which
express the photopigment melanopsin. In the mouse
retina, the rod and cone photoreceptors become light
responsive from postnatal day 10 (P10); however, the
development of photosensitivity of the ipRGCs remains
largely unexplored.
Results: Here, we provide direct physiological evi-
dence that the ipRGCs are light responsive from birth
(P0) and that this photosensitivity requires melanopsin
expression. Interestingly, the number of ipRGCs at P0
is over five times that in the adult retina, reflecting an
initial overproduction of melanopsin-expressing cells
during development. Even at P0, the ipRGCs form func-
tional connections with the suprachiasmatic nucleus,
as assessed by light-induced Fos expression.
Conclusions: The findings suggest that the non-image-
forming pathway is functional long before the main-
stream image-forming pathway during development.
Introduction
In mice, the rod and cone photoreceptor cells are born
during the embryonic period of development (gestation
21 days) but mature anatomically and functionally in
the postnatal retina. Cone cells differentiate at embry-
onic day 10 (E10) [1, 2], and gene expression of the
ultraviolet-sensitive cone opsin has been detected from
E15 [3] and of the long-wavelength-sensitive cone op-*Correspondence: s.sekaran@imperial.ac.uksin from postnatal day 7 (P7) [3, 4]. Rod cells are born
at E12 [1, 2], and rod opsin-gene expression begins at
P5 [4]. Photoreceptor outer-segment membranes first
appear at P4–6 [3, 5] and mature by P20 [3]; this pro-
cess is mirrored by the accumulation at P6 to P20 of
11-cis retinyl ester, a precursor of 11-cis retinaldehyde,
which is required for photopigment function [6]. These
developmental events correlate with the earliest re-
cording of retinal photosensitivity at P10, when ON/OFF
light responses of the retinal ganglion cells (RGCs) are
detectable [7]. Functionality of the rod and cone cells
is preceded by spontaneous Ca2+ waves in the gan-
glion-cell layer [8], a phenomenon thought to be impor-
tant for activity-dependent retinal and cortical develop-
ment [9–11].
A novel class of photoreceptor, recruited specifically
for non-image-forming irradiance detection, has been
recently identified in the inner retina [12, 13]. In mice,
these cells comprise a subset of the RGCs (approxi-
matley 1%) that project mainly to the suprachiasmatic
nucleus (SCN) via the retinohypothalamic tract [13, 14].
These intrinsically photosensitive RGCs (ipRGCs) de-
polarize in response to light [12] and form an electrically
coupled network in the ganglion-cell layer [15]. Mela-
nopsin, the photopigment for inner-retinal photosensi-
tivity, is expressed in ipRGCs [13, 16]. Heterologously
expressed melanopsin forms a fully functional pho-
topigment [17–19], whereas melanopsin knockout mice
(Opn4−/−) exhibit attenuated phase shifting [20, 21] and
diminished pupillary responses to bright light [22]. All
major non-image-forming visual capabilities are lost in
mice lacking melanopsin and functional rod and cone
cells [23, 24].
The melanopsin gene is expressed from E10.5 [25]
during mouse retinal development, coinciding with the
emergence of the RGCs (E9) [2, 26]. The retinohypotha-
lamic tract is present at P0 in murine species [27], and,
on the basis of Fos induction as a marker of neuronal
activity in the SCN, the first signs of functional retinal
output have been detected at P4 [28]. These studies
would suggest that light responsiveness of the ipRGCs
in mice might develop early. Indeed, in rats it has been
shown that light stimulates Fos induction in melanop-
sin-expressing retinal ganglion cells from the day of
birth [29] and that photic input to the SCN is achieved
from P0 [29–31].
Here, we physiologically characterize ipRGC light re-
sponses in the neonatal mouse retina. We find melanop-
sin-dependent intrinsic light responses in ganglion-cell-
layer neurons from the day of birth, albeit with reduced
sensitivity. Surprisingly, over 13% of the ganglion-cell-
layer neurons were light responsive at P0, and this high
level of neonatal photosensitivity was mainly attributed
to an overproduction of melanopsin-expressing gan-
glion cells. We show that the ipRGCs already form func-
tional connections with the SCN at the day of birth,
whereas in melanopsin knockout mice, functional in-
nervation of the SCN is delayed until P14, coinciding
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Figure 1. Retinal Ca2+ Waves
(A) Change in FURA-2 fluorescence (images acquired every 2 s) in
gthe ganglion-cell layer of a flat-mounted P4 wild-type retina (first
mpanel) during a Ca2+ wave. The scale bar represents 100 m.
(B) Traces of the change in fluorescence in the ganglion-cell layer n
(averaged for 10 cells in a selected region) in a P0 and a P4 wild- (
type retina over a 15 min period. Spontaneous Ca2+ waves were i
observed spreading across the retina (see also Movies S1 and S2).
g(C) Developmental changes in the interwave interval (mean ± SEM)
cin wild-type and Opn4−/− retinae from P0 to P5. Significant age-
idependent differences in the interwave interval were observed for
each strain (p < 0.05). lith the maturation of rod- and cone-cell photosensitiv-
ty [7].
esults
evelopment of Intrinsic Photosensitivity
n the Ganglion-Cell Layer
o assess retinal photosensitivity, we employed a fluo-
escent imaging technique [15]. Retinae (with ganglion-
ell side up) loaded with the Ca2+-sensitive indicator
URA-2AM were exposed to 470 nm (2.9 × 1015 pho-
ons/s/cm2) stimulation interleaved between image
cquisitions for a 1 min period.
etinal Ca2+ Waves
technical consideration in the measurement of neu-
onal responses during early retinal development is the
resence of spontaneous correlated waves of cellular
a2+ influx [8]. We determined the spatiotemporal prop-
rties of Ca2+-wave activity in wild-type (Figures 1A–
C; Movies S1 and S2 in the Supplemental Data avail-
ble with this article online) and melanopsin knockout
Opn4−/−; Figure 1C) mouse strains. At birth (P0–1), the
nterwave interval in wild-type retinae was 203 ± 17 s
4 retinae), and in Opn4−/− mice it was 169 ± 19 s (6
etinae; p > 0.05 cf. wild-type). An age-dependent in-
rease in the interwave interval for both strains was ob-
erved (wild-type P4–5: 307 ± 27 s, 4 retinae; p < 0.05
f. P0–1. Opn4−/− P2–4: 253 ± 17 s, 3 retinae; p < 0.05
f. P0–1). To examine inner-retinal light responsiveness
ndependently of the spontaneous activity, we applied
min light stimuli during the interwave interval.
ild-Type Mice
e have previously shown that in the adult rodless-
oneless (rdrd/cl) mouse retina, 2.7 ± 0.3% of the neu-
ons in the ganglion-cell layer show an increase in intra-
ellular Ca2+ on exposure to 470 nm light [15]. We
ndertook an investigation of the developmental emer-
ence of this response. We first studied light respon-
iveness of the retina at P4–5 because the SCN has
een reported to receive light input at P4 [28]. Robust
ight-evoked increases in fluorescence were observed
n a significant proportion of the neurons in the gan-
lion-cell layer. The majority of the light responses were
f a “sustained” phenotype, where the fluorescence
hange remained elevated at the end of the light-stimu-
ation period. “Transient” response phenotypes were
lso observed, characterized by a single fluorescence
ransient and rapid decay before the end of the stimu-
us. Overall, light responses were detected in 5.4 ±
.4% of the total cells sampled in the ganglion-cell
ayer (8 retinae; 86 of 1513 cells; 77% sustained, 23%
ransient; data not shown).
To preclude any input to the ganglion-cell layer from
arly-functioning rod or cone cells [32, 33], we investi-
ated light responsiveness in the presence of gluta-
ate-receptor analogs. Perfusion of P4–5 isolated reti-
ae with Ringer solution containing DL-AP4 or PDA
general antagonists of ionotropic glutamate receptors)
n combination with L-AP4 (agonist of metabotropic
lutamate receptors) had no effect on the number of
ells responding to light in the ganglion-cell layer (6 ret-
nae; 71 of 1097 cells; data not shown), suggesting that
ight responses were intrinsic to the cells themselves.
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1101Even though the glutamate-receptor analogs did not in-
hibit light responsiveness, they did moderately sup-
press Ca2+-wave activity at P4–5 [34].
Surprisingly, at earlier stages of development, light
responses were also apparent in the inner retina. Even
on the day of birth (P0), cells in the ganglion-cell layer
showed light-induced increases in fluorescence with a
predominantly sustained response phenotype (Figure 2
and Movie S3). Moreover, the percentage of cells that
responded to light was even higher at P0–1, being 13.7 ±
2.4% (6 retinae; 192 of 1414 cells; 94% sustained, 6%
transient). This is more than twice the percentage ob-
served at P4–5. Again, application of glutamate-
receptor analogs had no effect on the number of cells
responding to light at P0–1. The data suggest not only
that ipRGCs are present at birth, but also that there is a
significantly higher percentage of light-responsive cells
relative to P4–5 (p < 0.05) and to adult [15].
Melanopsin Knockout Mice
Intrinsically photosensitive RGCs in adult retina ex-
press melanopsin [13], and ablation of the melanopsin
gene in Opn4−/− mice results in the complete loss of
intrinsic light responses from the ganglion-cell layer
[22]. Likewise, in neonatal Opn4−/− mice, we detected
no light-evoked increases in FURA-2 fluorescence in
the ganglion-cell layer at P0–4 (11 retinae; 0 of 2155
cells; light stimulus of 2.9 × 1015 photons/s/cm2 at 470
nm). This result confirms that the light responses ob-
served in neonatal wild-type retinae originated from
melanopsin-expressing ipRGCs.
Developmental Reduction in the Number of ipRGCs
Cell-to-Cell Coupling
It is possible that the larger percentage of light-respon-
sive cells at birth is due to greater electrical coupling
between ipRGCs and other ganglion/amacrine cells.
We therefore recorded the percentage of cells in the
ganglion-cell layer that were light responsive before,Figure 2. Light Responsiveness at Birth
(A) and (B) Series of sequential images (acquired every 4 s) depicting the change in fluorescence in a group of cells (B) during 470 nm
stimulation (applied at time point 0; 2.9 × 1015 photons/s/cm2; see also Movie S3). The scale bar represents 10 m.
(C) Traces of the change in fluorescence in three cells in this preparation. Cell 1 showed no fluorescence change during light stimulation,
whereas cells 2 and 3 demonstrated significant light-evoked increases in fluorescence.during, and after the application of 10 M carbenoxo-
lone, a gap-junction blocker (Figure 3A). Before drug
application, 90 of 485 cells in P0–1 retinae responded
to light stimulation (2 retinae; 2.9 × 1015 photons/s/cm2
at 470 nm). In the presence of carbenoxolone, the num-
ber of light-responsive cells was reduced by 33% (60
of 485 cells). At P4–5, 15 of 320 cells (2 retinae) in the
ganglion-cell layer responded to light stimulation, and
this was reduced by 44% (8 of 320 cells) during carbe-
noxolone treatment (P0–1 cf. P4–5: p > 0.05). Thus,
whereas electrical coupling does exist in the neonatal
retina, it cannot account for the higher percentage of
light-responsive cells at P0–1 relative to P4–5. Interest-
ingly, in adult retinae, 56% of the light responses were
due to electrical coupling [15].
Melanopsin Expression
During vertebrate retinal development, there is a gene-
ral overproduction of the ganglion cells [2, 35]. Gan-
glion-cell genesis is completed prenatally [26] and fol-
lowed by a period of cell death between P2 and P6 [36,
37]. We determined the density of melanopsin-express-
ing cells in the neonatal retina. Using immunohisto-
chemistry, we confirmed that melanopsin was present
in ganglion-cell-layer neurons from the day of birth (Fig-
ures 3B and 3C) [25, 38]. The number of melanopsin
cells per square millimeter of retina was 181.7 ± 35.1
cells/mm2 at P0 (3 retinae) and 225.6 ± 14.1 cells/mm2
at P4 (3 retinae). We found similar numbers with 3,3#-
diaminobenzidine (DAB) immunohistochemistry (data
not shown). In comparison, the melanopsin cell density
is significantly lower at P14 (61.9 ± 18.1 cells/mm2; 2
retinae; one-factor analysis of variance [ANOVA], F3,6 =
10.874, p < 0.01, and post hoc Fishers LSD test: P0
versus P14, p < 0.05; P4 versus P14, p < 0.01), where
it is similar to that in adult (63.3 ± 6.4 cells/mm2; 2 reti-
nae; P14 versus adult, p > 0.05).
The overproduction of melanopsin-expressing gan-
glion cells in the neonatal retina may contribute to the
high proportion of light-responsive cells that we de-
Current Biology
1102Figure 3. Developmental Loss of Light-
Responsive Cells
(A) Proportion of cells (mean ± SEM) that
were light responsive before (control), during
(carb.), and after (recovery) application of the
gap-junction blocker carbenoxolone (10 M)
in P0–1 and P4–5 retinae. There was a 33%
loss in light-responsive cells at P0–1 and a
44% loss at P4–5 during drug treatment.
(B) Typical examples of melanopsin expres-
sion in P0, P4, P14, and adult retinae. The
scale bar represents 50 m.
(C) The number of melanopsin-positive cells
per mm2 retina (mean ± SEM) has been plot-
ted against developmental age. An overpro-
duction of melanopsin-positive cells in the
early neonate was observed. There is a sig-
nificant difference in the number of melanop-
sin-positive cells at P0 or P4 relative to P14 levels (one-factor ANOVA, F3,6 = 10.874, p < 0.01, and post hoc Fishers LSD test: P14 versus P0,
p < 0.05; P14 versus P4, p < 0.01) but no significant difference in melanopsin expression between P14 and adult retinae (p > 0.05).tected with Ca2+ imaging at the same developmental s
sage. It is interesting that melanopsin-expression levels
peaked at P4–5 although light responsiveness peaked s
fat P0–1. This may reflect a loss of functionality in some
melanopsin cells at P4–5. Because ganglion-cell death K
Tduring retinal development also peaks at P4–6 [36, 37],
it is likely that a proportion of the melanopsin-express- t
oing cells in P4–5 retinae are moving toward apoptotic
cell death [39]. t
a
fDevelopmental Changes in Light Sensitivity
The sustained response phenotype of ipRGCs from c
2P0–1 (4 retinae, 19 cells) and P4–5 (5 retinae, 17 cells)
wild-type retinae was characterized after stimulation s
nwith 4.9 × 1012–2.9 × 1015 photons/s/cm2 light at 470
nm (Figure 4A). n
oIntensity-Response Relationship
We have plotted the total change in fluorescence (in- T
Ttegrated fluorescence) during light stimulation as a
function of the log light intensity in Figure 4B. For both m
HP0–1 and P4–5 cells, the integrated fluorescence in-
creased with light intensity. However, the P0–1 inten- s
csity-response relation was shifted to higher intensities
relative to the P4–5 relation, revealing a lower light sen- a
isitivity at birth (P0–1 cf. P4–5: p < 0.05 at 4.7 × 1013–
2.9 × 1015 photons/s/cm2). t
lThe peak response amplitude also increased with
light intensity, saturating at w4.4 × 1014 photons/s/cm2 r
T(data not shown). We found no significant differences
between the amplitude data from P0–1 and P4–5 cells. t
oBecause the light-sensitive cells were capable of gen-
erating larger increases in fluorescence, as observed a
aduring Ca2+-wave activity, the peak amplitude attained
was not limited by saturation of the fluorescent indi- t
rcator.
Kinetics of the Light-Response Onset
The time taken to reach 50% of the peak amplitude F
Mfrom the start of the light stimulus was measured (“re-
sponse latency”). For both P0–1 and P4–5 cells, the re- T
Ssponse latency decreased with increasing levels of illu-
mination (Figure 4C). However, at each light intensity a
ntested, the average response latency was shorter at
P4–5 than at P0–1 (p < 0.05). The time-to-peak ampli- d
itude from the start of the light stimulus was also mea-ured (Figure 4D). The time-to-peak parameter was
horter at higher levels of illumination. There was no
ignificant difference between the time-to-peak data
rom P0–1 and P4–5 cells.
inetics of the Light-Response Offset
he “response decay” was measured as the time be-
ween the peak amplitude and the initial drop to 50%
f the peak amplitude. The light response took longer
o decay at higher levels of illumination for both P0–1
nd P4–5 cells (Figure 4E). However, light responses
rom P0–1 cells tended to have a more complex decay
omponent than those from P4–5; after stimulation at
.9 × 1015 photon/s/cm2, P0–1 responses often had a
econd peak in fluorescence (e.g., Figure 4A), a feature
ot observed at P4–5. The decay time at P0–1 was sig-
ificantly shorter than at P4–5 over the intensity range
f 4.4 × 1014–2.9 × 1015 photons/s/cm2 (p < 0.05).
emporal Integration
he threshold for light responsiveness was at approxi-
ately 5 × 1013 photons/s/cm2 (Figures 4A and 4B).
owever, longer-duration pulses elicited light re-
ponses at lower levels of illumination. In Figure 5, the
hange in fluorescence is shown for a single cell from
P4 retina after successive applications of increasing
ntensities of 1 min stimuli. The threshold intensity for
his cell was at 1 × 1013 photons/s/cm2. A prolonged
ight stimulus at a lower intensity was able to elicit a
esponse, albeit with a much longer response latency.
his response is unlikely to represent spontaneous ac-
ivity because the recording was made in the presence
f synaptic blockers, the kinetics of the initial response
re slower than observed during Ca2+-wave activity,
nd the Ca2+ level remained elevated during stimula-
ion. Thus, ipRGCs can integrate light information over
elatively long time periods.
os Induction in the SCN of Wild-Type and Opn4−/−
ice during Development
he main target of the ipRGC axonal projections is the
CN. The immediate early gene c-Fos has been used
s a marker of light-induced neuronal activity in SCN
eurons [40], and in P4 mice, a 60 min light pulse in-
uces Fos expression in this brain region [28]. Using
mmunohistochemistry, we confirmed that Fos (integ-
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1103Figure 4. Developmental Changes in Light Sensitivity
(A) Typical examples of the change in fluorescence in a cell from a
P0 retina and in a cell from a P4 retina after application of increas-
ing intensities of 470 nm stimulation. Responses have been nor-
malized to the maximum response amplitude for each cell.
(B) Intensity dependence of the total change in fluorescence during
light stimulation in cells from P0–1 (open circle) and P4–5 (closed
circle) retinae. Significant differences between the responses from
P0–1 and P4–5 cells were observed (p < 0.05 at 4.7 × 1013–2.9 ×
1015 photons/s/cm2).
The intensity dependence of the response latency (C), time to peak
(D), and response decay (E) are plotted for P0–1 and P4–5 light
responses. Significant differences between the P0–1 and P4–5 data
were found for the latency (p < 0.05 at 4.7 × 1013–2.9 × 1015 pho-
tons/s/cm2) and decay (p < 0.05 at 4.4 × 1014–2.9 × 1015 photons/
s/cm2) parameters. There was no age-dependent difference in the
time-to-peak data. All data are presented as mean ± SEM.Figure 5. Effect of Increasing Stimulus Duration
An intensity-dependent increase in fluorescence levels can be seen
in a cell from a P4 retina (top panel). The duration of the light pulses
was 1 min. At 4.9 × 1012 photons/s/cm2, no light response was
observed. Application of this same light stimulus for a longer dura-
tion induced a light response after 4 min.rated optical density) is induced in the SCN of P4 wild-
type mice (n = 4; sham versus light p < 0.01), but not in
the SCN of Opn4−/− mice (n = 4; sham versus light p >
0.05), by a 30 min light pulse administered at 4 hr after
lights off (Figures 6A and 6B). For Opn4−/− mice at P4,
we tried a light-pulse duration of up to 90 min but still
did not detect Fos induction (data not shown), confirm-
ing that melanopsin expression is required for func-
tional retinal connections to the SCN in early neonates.
In Opn4−/− mice at P14, light did induce Fos expression
in the SCN (n = 3; sham versus light, p < 0.001), as was
also observed in age-matched wild-type animals (n =
3; sham versus light, p < 0.01; Figures 6C and 6D). Thisresult is consistent with the emergence of functional
rod/cone outputs to the SCN at the end of the second
postnatal week [7].
Retinal innervation of the SCN was assessed in mice
at P0. At this early age, the melanopsin-expressing
ganglion cells (Figure 7A) send projections mainly to
the ventral SCN (Figure 7B), as is revealed by blue
X-gal labeling in Opn4−/− animals in which the melanop-
sin gene is replaced by a tau-LacZ coding sequence.
In adult mice, the retinal projection also extends into
the dorsal region of the SCN (Figures 7C and 7D). We
show that retinal innervation of the SCN is functional in
P0 wild-type mice; a 90 min light pulse proved to be
consistently effective in inducing Fos in the SCN (n = 4;
sham versus light, p < 0.001; Figure 7E), whereas a 30
min light pulse was insufficient (data not shown). Thus,
the SCN receives functional retinal connections from
melanopsin-expressing ipRGCs on the day of birth.
Discussion
A Functional Photosensitive Non-Image-Forming
System Is Present at Birth
The rod and cone photoreceptors that mediate image-
forming vision are among the last cells to mature during
mouse retinal development [3–5]. Photosensitivity of
the image-forming pathway has been detected from
P10 [7], just before eye opening (P12–14). In contrast,
the melanopsin-expressing ipRGCs that primarily sub-
serve non-image-forming functions are present from
E10 [25]. We have shown that these ipRGCs are light
responsive from the day of birth (Figure 2), in a period
during which it has been widely assumed that there is
no functional light detection in the mouse retina. It is
interesting that the non-image-forming photoreceptors
are functional nearly 2 weeks before eye opening; this
may reflect the function of the ipRGCs as irradiance
detectors rather than as image-forming photore-
ceptors.
Current Biology
1104Figure 6. Fos Induction in the SCN at P4–5
and P14
The photomicrographs show Fos immunore-
activity in coronal brain sections containing
the SCN of wild-type and Opn4−/− mice at P4
(A) and P14 (C). Animals were maintained on
a 12:12 light-dark cycle and a light pulse
(2 mW/cm2) or a sham pulse was applied 4
hr after lights off. The scale bar represents
100 m. Histograms of the integral optical
density of Fos (mean ± SEM) in the SCN are
shown for wild-type and Opn4−/− mice at
P4–5 (B) and P14 (D). Significant differences
between light and sham treatments are indi-
cated (** = p < 0.01; n.s. = non significant).confirming that melanopsin expression is a prerequisiteneurons and not mediated via glutamatergic inputs
Figure 7. Functional Retinal Innervation of
the SCN at P0
(A) In P0 Opn4−/− mice (tau-LacZ+/+), retinal
ganglion cells that would express melanop-
sin are labeled with X-gal (blue stain; the
scale bar represents 20 m).
(B) The axons of these ganglion cells form
the retinohypothalamic tract and innervate
the SCN (coronal brain sections; the scale
bar represents 100 m).
(C) and (D) In adult mice, fewer melanopsin-
expressing ganglion cells are present in the
retina relative to P0 (the scale bar represents
20 m), and these neurons send extensive
projections to the SCN. D indicates dorsal, V
indicates ventral, and the scale bar repre-
sents 100 m.
(E) Photomicrographs showing Fos immuno-
reactivity in the SCN of P0 wild-type mice
after a 90 min light pulse or sham treatment.
The scale bar represents 100 m. The integ-
ral optical density of Fos (mean ± SEM) in
the SCN of P0–1 wild-type mice has been
quantified, and there is a significant differ-
ence between the sham and light treatment
conditions (p < 0.001).The ipRGC light responses persisted in the presence f
Iof a glutamate-receptor blockade, suggesting that pho-
tosensitivity was intrinsic to the ganglion-cell-layer wrom any early-functioning rod or cone cells [32, 33].
ntrinsic light responses of ganglion-cell-layer neurons
ere absent in neonatal melanopsin knockout mice,
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1105for inner-retinal photosensitivity and also consistent
with recent studies that confirm that melanopsin ex-
pression alone is sufficient to engender photorespon-
siveness [17–19].
It has been previously shown that retinal projections
to the SCN (the site of the central circadian pacemaker)
are functional from P4 in mice [28]. We show that long-
duration light pulses induce Fos expression in the SCN
at P0 in wild-type mice (Figure 7E). The need for long-
duration stimuli may reflect the lower light sensitivity of
the ipRGCs at birth (Figure 4; see Properties of the In-
ner-Retinal Light Response) and may account for the
discrepancy with previous data. Accordingly, in rats,
photic induction of SCN Fos is also achieved on the
day of birth [29–31]. Importantly, in melanopsin knock-
out mice, Fos induction was not detectable in the early
neonate (Figures 6A and 6B) even though normal axo-
nal projections of melanopsin-expressing retinal gan-
glion cells to the SCN were observed (Figures 7A and
7B). Light-evoked Fos induction was detected in
Opn4−/− mice at P14 (Figures 6C and 6D), when the rod
and cone photoreceptor cells have matured and pro-
vide a supplementary photic drive to the SCN. The re-
sults show that the melanopsin-dependent non-image-
forming system is photosensitive and functional before
the image-forming pathway assumes any photic capa-
bilities.
Overproduction of ipRGCs in the Neonate
We found that a high proportion of neurons in the gan-
glion-cell layer were light responsive in the neonatal ret-
ina. At P0–1, 13.7% of the cells responded to light stim-
ulation, and this percentage was reduced to 5.4% at
P4–5. In the adult retina (via the same technique), 2.7%
of the cells in the ganglion-cell layer were light respon-
sive, and over 50% of the light responses were due to
functional coupling between ipRGCs and other cells in
the inner retina [15]. Application of a gap-junction
blocker to neonatal retina determined that the contribu-
tion of cell-to-cell coupling to the total number of light-
responsive cells was only 33% at P0–1 and 44% at
P4–5 (Figure 3A). This would suggest that coupling
could not account for the high level of neonatal light
responsiveness.
In the developing retina, there is a significant over-
production of ganglion cells until just before birth [26],
and this is followed by a phase of cell death from P2
[37] and peaking at P4–6 [36, 37]. In C3H/He mice, 70%
of the ganglion cells are lost between birth and adult-
hood [35]. We show that melanopsin-expressing RGCs
are substantially overproduced during early develop-
ment (Figures 3B and 3C), with a 65% loss of melanop-
sin-positive cells between P0 and adult, closely mirror-
ing the pattern of total ganglion-cell loss. An increase
in the overall ganglion-cell population at P0 should not
alter the proportion of cells responding to light; how-
ever, we saw a 5-fold difference in the percentage of
light-responsive cells between birth and adulthood. The
Ca2+ imaging technique permits sampling of only the
innermost region of the ganglion-cell layer (closest to
the nerve-fiber layer) and therefore may be subject to
sampling bias. The results suggest that the high num-
ber of light-responsive neurons that we detected in theganglion-cell layer of neonatal mice may reflect an
overproduction of melanopsin-positive ganglion cells.
Although it would appear that this is a general feature
of ganglion-cell development, it is possible that the
high level of neonatal photosensitivity serves a specific
purpose (see Significance of Neonatal Photosensi-
tivity).
Properties of the Inner-Retinal Light Response
We observed a developmental increase in light sensitiv-
ity of the ipRGCs (Figure 4). Lower sensitivity in the
early neonate could be attributed to several factors.
First, there may be delayed or reduced expression of
the photopigment protein. However, melanopsin RNA
[25] and protein (Figures 3B and 3C) [38] are expressed
in the neonatal retina. Second, insufficient chromo-
phore may be present. Melanopsin associates with cis-
isoforms of retinal, but recent evidence suggests that it
may have the capability to function as a bistable pig-
ment and to regenerate its chromophore from all-trans
isomers [17, 18]. Although 11-cis retinaldehyde is rate
limiting for rod and cone light responsiveness in the
early neonatal retina [6, 41], all-trans retinyl esters are
present [6], which could facilitate ipRGC light re-
sponses. Finally, the reduced light sensitivity at birth
may be due to immature expression of a component
or components of the phototransduction pathway or to
general Ca2+ signaling changes.
A characteristic of the circadian system is its ability
to integrate light information over time [42, 43]. The site
of photon integration could occur within the photore-
ceptors and/or in the neural input pathway to SCN. In
the present study, we show that ipRGCs themselves,
unlike the classical rod and cone photoreceptor cells
[44], are able to integrate light information over a period
of minutes (Figure 5). This would suggest that the pho-
totransduction pathway in classical photoreceptors
and ipRGCs is distinct. Although the native ipRGC pho-
totransduction pathway is yet to be deciphered, recent
studies have alluded to an invertebrate-like cascade in-
volving a pertussis-toxin-insensitive G protein coupled
to a phospholipase C pathway [18].
Significance of Neonatal Photosensitivity
There are several reasons why neonates may require
the capacity for non-image-forming photosensitivity.
The presence of these cells may have a functional sig-
nificance. Early studies have suggested that the mater-
nal circadian system is responsible for coordinating the
timing of the neonatal clock [45, 46]. However, the pre-
sent data suggest that innate responses from ipRGCs
may also play a role in non-image-forming irradiance
detection in the developing infant. Photic information
could be useful for avoidance behavior to prevent ex-
posure of pups to predators. In primates, there is evi-
dence to suggest that non-image-forming light respon-
siveness is important in early neonates [47, 48].
The emergence of photosensitivity of the ipRGCs
may play a role in the development of the SCN and
other non-image-forming brain regions just as rod- and
cone-mediated visual experience affects development
of the visual cortex [49]. Furthermore, because ipRGCs
may form indirect connections (via coupling) with gan-
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sdeed may even directly project to the lateral geniculate
bnucleus [50], these inner-retinal photoreceptors could
T
drive activity-dependent development of both the non-
image-forming and image-forming cortical pathways in P
the early neonate. O
T
1Experimental Procedures
b
wCalcium Imaging
Wild-type (C3H/He, wild-type at the rd locus) or melanopsin knock-
out (Opn4−/− in mixed C57BL/6 and 129/SvJ background) mice at
SP0 to P5 were enucleated. Isolated retinae were incubated in
Ringer solution (119 mM NaCl, 2.5 mM KCl, 1 mM KH2PO4, 1.3 mM S
MgCl2, 2.5 mM CaCl2, 26.2 mM NaHCO3, and 11 mM D-glucose; a
equilibrated with 95% O2/5% CO2; [pH 7.4]) containing 10 M 1
FURA-2AM (Molecular Probes) for 1 hr and subsequently perfused
with fresh Ringer. The fluorescence imaging technique and data A
analysis have been previously described [15]. In brief, the Ca2+-
sensitive indicator was excited with ultraviolet light and emitted T
fluorescence of 510 ± 15 nm was captured with an intensified CCD N
camera (IPentamax, Princeton Instruments). The drift in the base- p
line fluorescence was corrected by curve-fitting. Rolling averaging
and subtraction were employed for spatial analysis of retinal photo-
Rsensitivity. Data are presented as mean ± standard error of the
Rmean (SEM) and were analyzed with t tests.
A
PMelanopsin Immunohistochemistry
Wild-type mice (P0, P4, P14, and adult) were enucleated, and the Reyes were placed in 4% paraformaldehyde at 4°C for 4 days before
washing in 0.1% azide in phosphate buffered saline (PBS). Retinae
were dissected, washed in PBS, and incubated with the primary
melanopsin antibody (Provencio type UF006; 1:5000 at 4°C for 4 days).
After they were rinsed in 0.01 M PBS containing 0.3% Triton-X 100
buffer, retinae were incubated with Alexa fluor 568 nm conjugated
to goat anti-rabbit IgG at a dilution of 1:200 for 2 hr. The retinae
were mounted onto glass slides, coverslipped with PBS, sealed,
and visualized under a fluorescence microscope (Zeiss Axioplan 2).
Melanopsin-expressing cells were counted in 12 regions (0.2 mm2)
across the retina. Data were analyzed with one-factor analysis of
variance (ANOVA) followed by post-hoc Fishers LSD test.
X-gal Labeling
Opn4−/− (tau-LacZ+/+) animals at P0 were anesthetized and then
perfused intracardially with 2 ml cold PBS followed by 4 ml 4%
paraformaldehyde in PBS. The retina was isolated, placed on a
slide, and incubated in staining solution (100 mM phosphate buffer
at [pH 7.4], 2 mM MgCl2, 0.01% Na-desoxycholate, 0.02% [Octyl-
phenoxy] polyethoxyethanol [IGEPAL], 5 mM K-ferricyanide, 5 mM
K-ferrocyanide, and X-gal [1 mg/ml]; 24 to 30 hr at 37°C in dark-
ness). The whole head was placed in 30% sucrose solution and
sectioned with a cryostat to 50 m thickness, and the sections
were incubated in the staining solution (6 to 30 hr at room temper-
ature in darkness) [13].
Fos Induction in the SCN
Wild-type and Opn4−/− mice at P0–1, P4–5, and P14 (kept on a
12:12 light-dark cycle) were given a 30 min or 90 min white-light
pulse of 2 mW/cm2 at 4 hr after lights off. Sham pulsed mice were
handled in a similar manner but no light pulse was given. Ninety
minutes after the beginning of light treatment, animals were deeply
anesthetized with a lethal dose of sodium pentobarbitone and per-
fused transcardially. Brains were dissected, postfixed overnight, 1
and cryoprotected (30% sucrose). Serial coronal brain sections (40
m) containing the SCN were processed for Fos immunohisto-
chemistry with the primary rabbit anti-Fos antibody (Calbiochem;
1:20,000 at 4°C for 72 hr). The secondary antibody binding and 1
avidin biotin amplification were carried out with the Vectastain ABC
Elite kit. Sections were visualized by incubation with 3,-3#diamino-
1benzidine-nickel ammonium sulfate (DAB-Ni) and 0.001% H2O2.
Images of the SCN sections were captured with a Spot Digital
Camera (Diagnostic Instruments), and the integrated optical den-ity of Fos was determined with a computerized image-analysis
ystem [51]. Control slices, for which the primary or secondary anti-
odies were replaced with normal serum, did not show any label.
tests were used for statistical analysis.
harmacology
ne hundred micromolars of L-amino-4-phosphonobutyrate (L-AP4;
ocris); 250 M DL-amino-4-phosphonobutyrate (DL-AP4; Tocris);
0 M carbenoxolone (Sigma); and 1 mM cis-2,3-piperidinedicar-
oxylic acid (PDA; Sigma) were added to the retinal perfusate
here indicated.
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Note Added in Proof
The following two sentences have been changed slightly from the
original version of this paper published online: “In mice, these cells
comprise a subset of the RGCs (approximately 1%) that project…”
(page 1099) and “Surprisingly, over 13% of the ganglion-cell-layer
neurons were light responsive at P0, and this high level of neonatal
photosensitivity was mainly attributed to…” (page 1099).
